This paper describes an experiment of underground coal gasification in experimental equipment. The experiment was done within the range of the project APVV-0582-06, in May 2010. During the period of 63 h there was gasified amount of 214 kg of coal in experimental gasifier with average rate of 3.4 kg/h. The air, was the primary gasification agent in the experiment and its total volume was 661 Nm 3 . Oxygen was used only in a short period of the experiment. The produced gas reached an average calorific value of 3.27 MJ/Nm 3 . The calorific value was slightly higher (4.13 MJ/Nm 3 ) when was using oxygen as gasification agent. This article talks not only about the analysis of the achieved results from UCG but also used experimental gasifier, input supply system of a gasification agent, and monitoring system.
Introduction
Underground coal gasification converts coal to gas while still in the coal seam (in-situ). Gas is produced and extracted through wells drilled into the unmined coal-seam. Injection wells are used for injection of the gasification agents (air, oxygen, or steam) to ignite and as a fuel for the underground combustion process. Another production wells are used to bring the syngas to surface (see Fig. 1 ) [1e3] . The high pressure combustion is conducted at temperature of 700e900 C, but it may reach up to 1500 C [1, 2] . The process decomposes coal and generates CO 2 , H 2 , CO and small quantities of CH 4 and H 2 S [2] . As the coal face burns and the immediate area is depleted, the gasification agents injected are controlled by the operator [1] .
The effectiveness of coal transformation on syngas depends on more parameters. Of course, it will depend on structure of process control. Economy of UCG depends on controlling too. Automated process control of UCG has advantages such as the ability to achieve greater control accuracy, the ability to switch between manual and automatic process control and especially the possibility of implementing relatively complex control algorithms as well as nonlinear functional dependencies and the possibility of easier communication with other management levels. The principle of automatic process control of UCG is dependent on the nature of information obtained from the system, the possibility of identification of controlled process and the goal that is pursued by the automatic control. UCG process is difficult to identify and manage considering that the process takes place in a several stages and during operation there are changes of underground coal gasifier (e.g. cavity enlargement, shift of combustion front, gas leaks, cracks, ground water, etc.). We say that the measurement of the process variables, process identification and finally automated process control takes place under conditions of uncertainty. In automated control of UCG can be used algorithms for gasification agents flow rate stabilization, stabilization of oxygen concentration in syngas (control of underpressure) and optimal control that uses the methods of continuous extreme finding e.g. maximization of syngas calorific value or selected component concentration in syngas [4] . Water inflow can be controlled by maintaining an appropriate pressure level in the georeactor in relation to hydrostatic pressure. For the monitoring of the UCG cavity development, a number of geophysical techniques were applied, i.e.: geothermal method, vertical electroresistance sounding, georadar method, gasometry, radon radiometry. The database of measured environmental risks helps in decision and control processes of UCG. The control system can automatically stop any gas leaks or reduce the performance of the gasifier if any environmental pollution occurs. The use of automated signaling and warning devices is granted. Use of machine ventilation devices can rapidly dilute gases emitted in the UCG zone. Leaked gas should be completely eliminated or diluted with air below the explosive range as quickly as possible. For monitoring pollution in vulnerable areas as appropriate path seems to be the use of correlation spectroscopy of gases.
In industry gasification is needed to include detection of CO 2 , CO and CH 4 migration from underground and to detect leakage to surface. Computational fluid dynamics (CFD) simulations are playing an important role in the designing and commissioning of gasifiers. CFD simulations are becoming popular to provide an insight into thermal and chemical conversion of the coal as it travels through the gasifier and effect of hydrodynamics on these processes. The syngas composition is possible to predict by utilization of thermodynamic model that was presented in Ref. [5] .
As coal differs considerably in its resistance to flow, depending on its age, composition and geological history, the natural permeability of the coal to transport the gas is generally not satisfactory. Hydro-fracturing, an electric-linkage, and a reverse combustion may be used with varying degrees for high pressure break-up of the coal [2, 3, 6] . There are two different underground coal gasification methods commercially available shaft and shaftless UCG methods [7] . One of the methods uses vertical wells and a method of reverse combustion to open up the internal pathways in the coal. The process was used in the Soviet Union and later it was modified by Ergo Exergy. It was tested in Chinchilla site in 1998e2003. Another method that was developed by Lawrence Livermore National Laboratory in the USA creates dedicated inseam boreholes, using drilling and completion technology adapted from oil and gas production. It has a movable injection point known as CRIP (controlled retraction injection point) and generally uses oxygen or enriched air for gasification [3, 6] .
For verification of coal gasification technology in underground is necessary the whole system of gasification test in laboratory conditions [8e11]. For this purpose the experimental equipment for simulation of real underground coal seam was constructed. The similary equipment was published in Ref. [12] . In this work the research was focused on finding the amount and composition of gas produced from coal at different pressure conditions in the gasification ex-situ reactor. Pressure vessel was used as a gasification container -ex-situ reactor. The container was laden with subbituminous coal blocks that were ignited by an electric mechanism. Reverse combustion was supported with a gasification agents mixture (O 2 /N 2 ), which was injected under a pressure of 200 kPa. Gasification experiments used K-type thermocouples for monitoring internal temperatures. Gasification process was controlled using the following parameters:
flow of the gasification agents mixture, the composition of the gasification agents mixture, the pressure inside the ex-situ reactor.
The composition of the produced gas measured with a chromatograph and gas flow with a rotameter. In reverse gasification the combustion front moves in the contraflow of the gasification agent. The fuel for the combustion is gas, which is gradually released from the coal into the ex-situ reactor's area, while the porosity of coal is changing. A key knowledge for the reverse combustion is that the combustion reaction is limited to very thin [14] was focused on effect of oxygen as the main gasification agent on UCG process. The experiment was shorter and lasted 6 days. Amount of gasified coal was 5.36 tons. Reached calorific value of produced gas was 8.9 MJ/Nm 3 . The similar study that experimentally demonstrates the feasibility of lignite gasification to hydrogen-rich gas under the underground conditions in the ex-situ reactor was presented in Ref. [16] . Another study was aimed on the assessment of the feasibility of applying the underground hard coal gasification in the production of a hydrogen-rich gas [17] . In the course of the experiment the so-called two-stage gasification process in which oxygen and steam were supplied to the reaction zone separately in alternate stages was investigated.
Authors have used ex-situ UCG georeactor for experimental gasification. In work [18] an experimental simulation of underground coal gasification (UCG) using large bulk samples of ortho-lignite was conducted in an ex-situ laboratory installation. The main goal of the experiment was to evaluate the suitability of the highmoisture lignite for UCG. According to the Commonwealth Scientific and Industrial Research Organization following coal seals are most suitable for the underground coal gasification: the seam lies underground at a depth of between 100 and 600 m, the seam thickness is more than 5 m, the ash content of the coal is less than 60%, the seam has minimal discontinuities, there are no aquifers nearby (to avoid polluting supplies of drinking water) [19e21] .
The main goal of the paper was to present results from experimental gasification in lab scale within the project APVV-0582-06 [22, 23] in order to examination the possibility of coal gasification in Slovak mines.
Experiment
Experimental process of UCG consists of following four main parts (see Fig. 2 ):
1. supply system of gasification agent, 2. gasifier, 3. outlet system (system for exhaust of syngas), 4. monitoring system.
Supply system of gasification agent
Input part of the process comprises a supply system of the gasification agent, located before the entry into the gasifier. This system has two compressors at the beginning (see C1 and C2 in Fig. 2 ), which blow air into the pressure vessel. Activation or deactivation of the compressors is automatic according to the requirements for the air pressure in the pressure vessel. The compressors are connected with pressure vessel using pressure rubber hose. Behind the pressure vessel is a pipe, on which is located the pressure gauge and the servo valve. The amount of air supplied to the mixing station is controlled by servo valve (see its technological mark in Fig. 2 ). There is also possibility to supply technically oxygen from pressure cylinders into the mixing station (see mark MIX in Fig. 2 ). The mixing station was created as a steel vessel in cylindric form where the air is supplied at the same time with the oxygen and there are mixed. For measuring the flow of oxygen is used vortex flow meter. Output from the mixing station is also the output of the whole supply system of oxygen of experimental UCG process. 
Gasifier
The vessel of the ex-situ reactor has a half-cylindrical shape and consists of forefront (front and rear) and the vessel jacket (see Gasifier in Fig. 2 ). Its length is 3000 mm and height 500 mm. Across the whole inside surface of the vessel is insulation with thickness of 100 mm, on which a cover plate is placed. There are three holes at the inlet of the ex-situ reactor vessel. The first serves as an input for gasification agent, the second for the ignition of coal at the beginning of the experiment, and the third is used for draining of the condensed tar during the experiment. At the outlet of the vessel is the gas outlet hole. The lid of the ex-situ reactor is made from steel construction and its length is 3000 mm and height 100 mm. Over the height of the lid of the ex-situ reactor itself is also placed 100 mm insulation on which is the cover sheet. At the lid there are 21 holes for insertion of probes used for temperature measurement and gas analysis during the process of UCG. Thirteen holes are located in the center of the lid of the ex-situ reactor and are for the analysis of gas and the temperature in the channel of coal bed. Another eight holes are deployed on the right (4 probes), and on the left (4 probes) from the channel holes and serve for the analysis of gas and the temperature in the coal. The gas sampling probes are tubular, with a diameter of 8 mm and a length of 750 mm. A thermocouple for measuring the temperature in the ex-situ reactor is placed in a ceramic tube that is inserted into the probe. At the end of the probe is valve with an outlet for connecting the hose to the gas analyzer. The depth of placement of the probe is adjustable by a bolt nut on the outside. Around the edge of the vessel and lid of the ex-situ reactor are drilled holes for connecting the vessel and lid using screws and bolt nuts. Besides these holes there is a groove in the vessel for placing a seal, which is used to prevent gas leakage (gas-tightness of the ex-situ reactor).
Outlet system
At the outlet of geo-reactor and the whole experimental process of UCG is a system for syngas. The system consists of pipes, exhaust ventilator (see in Fig. 2 ) and combustion chamber (see Combustion in Fig. 2 ). The ventilator is connected to the pipe with the largest diameter. The set of two flaps in the pipe allows to switch the direction of the gas flow. In the first case, the syngas is sucking by ventilator that generates negative pressure in the pipe. The gas Fig. 3 . Monitoring system. passes through the ventilator and then into the combustion chamber. The ventilator has its own frequency inverter placed in instrument panel. Presented connection of the ventilator also allows discharge of the tar, which would be accumulated in the pipe of the gas exhaust. The combustion chamber is made of sheet metal. On the front side there is a fire resistant quartz glass (visor) and at the sides of the combustion chamber are burners with a lighter. Each burner has its own piezo-electric lighter.
Monitoring system
Automatic control system based on PLC was created for the monitoring and controlling of the experimental process of gasification. The basic process control consists of managing the flow of gasification agent supplied to the input of the ex-situ reactor. The control system shall also maintain throughout the experiment the air pressure in the pressure vessel between the minimum and the maximum set value. Individual measurement and control devices are connected to the control panel and PLC. The monitoring system used for experimental gasifier was created in an environment of Promotic SCADA visualization program [24] . The task of this system is visualization of process variables and adjustment of controllers. The monitoring system consists of several screens, among which there is possibility to switch. Basic screen for the monitoring system is an image of "ex-situ reactor". In this screen (see Fig. 3 ) there is assembled technological scheme (visualization) of the entire experimental process of UCG by using the graphical objects. Other screens of the monitoring system include: gasification control -image allows to run the automatic control of gasification agent flow, solenoid valves and pressure gauges -this image shows that the valves can be opened or closed while controlling pressures in the process. temperatures -image provides information about current temperatures, trends of gases concentrations -it shows the time course of the values of the gas components, trends of pressures and flows -it shows the time course of pressures and flow.
Communication between the PLC and the monitoring system is ensured by OPC protocol. After running of the monitoring system, the PVI Manager application at the same time starts and captures process data and provide them to resident running OPC Server. The monitoring system works as OPC client and retrieve data from the OPC server.
Description of experiment
Before the start of the experimental gasification it was necessary to create the model of coal seam in the ex-situ reactor (see Fig. 4 and Fig. 5 ). This model is represented by layers of overburden and underburden, coal blocks size, dimensions and placement of gasification channel, etc. From a coal blocks was created the model of coal seam as a compact unit, along the entire length of the ex-situ reactor. We have used five blocks of lignit with dimensions: circa 300 Â 250 Â 550 mm. There was drilled gasification channel along blocks. At the inlet, inside the ex-situ reactor, ignition part was created. After then followed the drilling holes for the placement of thermocouples. Thermocouples in a protective ceramic tube were placed in the coal, the gasification channel and on the model surface.
The positions of thermocouples were selected so that the measured temperature gives information about distribution of reaction zones, gasification front propagation and information about the heat losses (see Fig. 4 ). Thermocouples were then through a compensation line connected to the PLC. The Fig. 5 shows bedding of coal seam blocks at the coal seam creation and ex-situ reactor after placing thermocouples and before starting the experiment.
The ignition itself was carried out using a special ignition heads and a small burner, which was inserted through the inlet hole of the ex-situ reactor into the ignition part. The ignition process was controlled by changing the power of exhaust ventilator on outlet pipe before entering to the chimney. The temperature on thermocouple T1 indicated successful ignition by value approximately 200e400 C (see Fig. 9 ). It is approximately at the 20th min from the start of experiment. The course of experimental gasification was Fig. 7 . The detail of mine Cigel.
for security reasons monitored and controlled 24 h a day by operators. Operators controlled the input of gasification agents and at the output they controlled the under pressure in the ex-situ reactor. Simultaneously they controlled the temperatures and concentrations, replacement of damaged thermocouples and changing of the filters of the analyzer. The course of the experiment was recorded by automated monitoring system. All measured variables (pressures, flows and temperatures) were recorded in the database and at the end of the experiment were prepared for further processing.
Coal analysis
For creating the model of coal seam was used 240 kg of coal from mine Cigel on the Slovak Republic (Fig. 6) . The On the coal sample was carried technical analysis at an accredited laboratory and the results for coal composition are shown in Table 1 . The percentage of oxygen in the coal was calculated.
Results and discussion

Gasification agent
The experiment lasted 63 h. The primary gasification agent was atmospheric air that was injected into the ex-situ reactor from the pressure vessel. Maximum volume flow of supplied air was 22 Nm 3 / h and its average value during the whole experiment was 10.52 Nm 3 /h. The secondary gasification agent was industrial oxygen, which was used only in a time period from the 52nd to 58th hour of the experiment. Flow rate of air in this time section has been reduced to zero and the flow rate of oxygen was equal to 2 Nm 3 /h (see Fig. 8 ). Gasification with oxygen took about 8 h and with air 55 h.
Temperatures
The behavior of temperatures in coal during experiment is shown in Fig. 9 . In the first stage of the experiment were the maximal temperatures noted on thermocouples T3 and T4 corresponding to the start location of the thermocouples on the coal model. During the experiment, the burning front was gradually moved up to the end of the ex-situ reactor where the highest temperatures were measured on thermocouples T8-T10. Table 2 gives an overview of the maximum temperatures in the coal along the length of the ex-situ reactor. The lowest temperature of only 272 C was measured on thermocouple T7. In this part of ex- Table 1 The analysis of coal with help of Slovak testing standards used by accredited laboratory (Abbreviations: r e received, d e dry, daf e dry ash-free, a e analytical, G e Gravimetry, EA e elementary analysis with heat conductive detector, K e Calorimetry, RFS e X-ray fluorescence spectrometry). situ reactor it seems that the gasification of coal did not occur. The maximum temperature measured during the experiment was reached on thermocouple T5 (1067 C).
Parameter
Concentration of syngas
During the experimental gasification five components of the produced gas i.e. O 2 , CO 2 , CO, H 2 and CH 4 were continuously measured in volume percentages. The course of the concentration of these components is shown in Fig. 10 . Looking at the heating components of the syngas, the highest values were obtained on the beginning of the experiment, at time range from the 7th to 12th hour of the experiment. The percentage content of CO achieved during this time was 10%, H 2 content was 15% and CH 4 content was 20e25%. Higher values of the heating components of the syngas, were not reached in the long term also in the section where industrial oxygen has been the main gasification agent. The average and maximum concentrations of the gas components are shown in Table 3 . Fig. 11 shows the course of the volume flow of the syngas at the outlet from the ex-situ reactor and its calorific value during the experiment. Syngas volume flow was nearly constant during the experiment, at the level of 7e8 Nm 3 /h, except the first part of the experiment, where its reached value was up to 25 Nm 3 /h. In this section there was a higher volume flow rate of the input gasification agent (see Fig. 8 ). The average calorific value of the syngas is 3.27 MJ/Nm 3 with a maximum value of 12.23 MJ/Nm 3 , which was reached in the 12th hour of experiment. We can see based on the comparison of the calorific value in term of input gasification agent (see Table 4 ), that higher average calorific value of the syngas has been achieved using oxygen as the main gasification agent. The Fig. 12 shows behavior of maximal temperature in the gasification channel and responded ratio of CO to (CO þ CO 2 ) that was calculated.
Syngas volume flow and calorific value
Material balance
Material balance is a comparison of the mass of the input elements in the charge (i.e. coal and a binder Goudron) and gasification agent (i.e. oxygen and air), which will take part in the gasification process with the output elements (i.e. unburned coal, ash, condensate and gas). One of the important factors determining the value indicators of the technological process of the gasification is material balance. In Fig. 13 we see schematic drawing of the material balance of the gasification in ex-situ reactor.
Overall material balance of the process of underground coal gasification in an experimental gasification can be expressed by the Formula (1).
where G coal is the mass of coal, G goudron is the mass of goudron, G goudron out is the mass of unburned goudron, G air is the mass of air, G oxygen is the mass of oxygen, G coal unburn is the mass of unburned Table 2  Overview of maximum temperatures.   T1  T2  T3  T4  T5  T6  T7  T8  T9  T10   Max temperature (  C)  476  626  890  1014  1067  1015  272  840  774  879  Hour of experiment  4  4  4  8  9  9 41 59 59 60 Fig. 10 . Concentration of syngas. coal, G ash is the mass of ash, G gas is the mass of gas, G conden is the mass of condensate. The results of the material balance of the experiment are shown in Table 5 . There was a total of 214 kg coal gasified, considering that 25 kg of coal that remained at the end of the experiment was not gasified. Gasification rate was 3.4 kg/h.
For the calculation of the mass of the components in the syngas we used the average values of the individual components of syngas (see Table 3 ). These average values were obtained during the experiment. The results of mass of the individual components of the syngas are shown in Table 6 . Approximately 65% of the syngas represent immeasurable components of the syngas (i.e. C 2 H 6 , H 2 S, etc.), including N 2 . The balance of amount of carbon, hydrogen and oxygen in the syngas, which was based on previous analysis is given in Table 7 . From this balance it is clear that the weight of carbon in the syngas was 72.9 kg what represents approximately 30% of the amount of gasified coal. This means that 30% of the chemical energy from the coal was transformed into the energy of the produced gas. The remaining energy of coal was used to heat the process, for water evaporation, the UCG processes and of course the losses of heat to the surroundings.
Summary
From the shown analysis of experimental gasification in the gasification reactor we can state: the experiment lasted for 63 h and there was gasified 214 kg (3.4 kg/h) of coal, the primary gasification agent was air which was consumed in amount 662 Nm 3 and the secondary oxygen which was consumed 11 Nm 3 .
the maximum temperature in modeled coal seam was 1067 C, there were produced 503 Nm 3 of syngas with an average calorific value of 27.3 MJ/Nm 3 , approximately 30% of the chemical energy of coal was transformed into the energy of the produced gas.
Conclusion
This paper described the experiment of UCG process under laboratory conditions. It was necessary to design and construct an ex-situ reactor for the gasification in order to verify the experimental gasification. It was also necessary to prepare input and output part of experimental gasification. As a part of input is considered the supply system and the control of injected gasification agent. Output part consists of system for exhaust of produced syngas. The paper examined the effect of the gasification agent on the quality of produced syngas. Created ex-situ reactor and the model of coal bed represent a reduction of real coal seam for the needs of examination of gasification agents impact on produced syngas during gasification. Researched were only possibilities to increase the efficiency of gasification in term of syngas calorific value and temperatures using controlled air flow and additional oxygen flow. Calorific value also affects the type of coal and the level of achieved temperatures.
The aim of gasification control during experiments on experimental gasifier was to ensure that the produced gas has the highest calorific value, i.e. to ensure the highest content of flammable components in the gas. During gasification the composition of the produced gas is a function of temperature and volume quantity of gasification agent. The aim is to inject gasification agent into the exsitu reactor with such a flow so that the content of the heating components was the greatest. The experiment shows that this aim can be achieved only at higher temperatures above 1000 C. With increasing temperature increases CO and this component remains dominant. Similarly, increasing the ratio of CO/(CO þ CO 2 ), which is an important indicator during gasification (see Fig. 12 ). If the temperature is high enough then it will also complete the pyrolysis, which successive leaves porosity containing solid carbon and minerals. Higher calorific value, using the same gasification agent (air), we obtain when the gasification of bituminous coal (Turkish coal) and lower calorific value in subbituminous coal gasification. The research that was presented was aimed to gasification of lignit from the Slovak mines.
The physical model was created based on the theory of similarity. There has not been studied effect of hydrostatic pressure during gasification. On the other hand the gradient of hydrostatic pressure is proportional to seam thickness, so water influx may be more difficult to control in thick seams. There were used overpressure and underpressure control of gasification. When the overpressure system of control was used then the regulated flow of injected gasification agent was used for the support of gasification. High injection pressure can cause loss of gas from underground reaction zone into the surrounding layers. The impact of higher operating pressure is at least showed the CO concentration. On the second hand higher operating pressure of gasification agent displaces methane from coal pore structure and causes cracking of coal. Higher rate of the injected gasification agent improves the calorific value and the rate of gas production. Too much of gasification agent can cause a negative effect, i.e. reduce the temperature in the reaction zone (cooling) and then the calorific value of produced gas, therefore, is needed to look for optimal flow of gasification agent. Underpressure control was used mainly for gas leaks elimination and for stabilization of the oxygen concentration in syngas. Within the experiments was found that the lower concentration of oxygen in syngas results in the higher calorific value of produced gas. For this reason it is needed stabilization the oxygen concentration in syngas to the lower value near to zero. For this type of control was uses exhaust ventilation to ensure complete combustion of coal in the modeled coal bed.
Since the underground reactor was created by nature, the various anomalies in underground there can occur. We did not examine the impact of changing local pressure due to removal of mass in experimental gasification. Models were built so that the similar effects did not have to consider. The coal seam model and experimental gasification were reduced only for research of possibilities to improve the gasification with a various gasification agents, its flows, inlet pressures and underpressure (vacuum) on output.
Paper presents behaviors of temperatures that were measured with thermocouples but for industrial gasification seems preferable to use indirect methods of measuring temperature, which are still being developed. One possible approach of indirect measurement of temperature can be made depending on the syngas composition (e.g. measuring isotopes of CO 2 , CO and H 2 ). Researchers also develop methods for indirect measurement of temperatures using the laws of non-stationary heat conduction [25, 26] .
Effective process control of gasifier minimizes the generation and spreading of potential contaminant. Some reaction parameters must be correctly controlled: high enough reaction temperature, reactor pressure kept closely lower than the hydrostatic pressure, optimized gasification composition of agents (i.e. air, oxygen, water vapor). 
